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PRESSURE DROP ~’ RADIATOR

By S. R. PARsON+.
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Rl%UN@.

AIR ‘rums.

This report describes an in-restigation of effects of pressure drop in radiator air tubes, con- ,
dueted for the National Advisory Committee for .Aeronautics at the Bureau of Standards.

A smaH steel tube-O.04 inch (1 mm.) in outside diameter and 20 inches (51 cm.) long, with
a static pressure opening near the center— was stretched through am air tube of a radiator and
used to measure static pressure in the stream of air passing through the .mdiator tube. The
measmements lead to the following eordusions:

1. The drop in static pressure in the air stream thro~~h a celluIar radiator, and the pressure
gradient in the air tubes, are practically proportional to the square of the air flow, for a gi-ren
air density. The obser~ed values of skin friction agree approximately with those found by.other
investigators for long pipes. These facts appear to indicate that fihe air flow is turbulemt, even
in the short tubes of the radiators.

2. The d~erence between head resistance per unit area and fall of static pressure through
&heair tubes of a radiator, noted by -wrious obserrers, is shown to be apparent rather than rea~.

3. Radiators of differe~t types differ widely in the amounfi of contraction of the jet at
entrance.

4. Frictional resistance is fou~d to be two-thirds of head resistance for one kype of ~
inch (0.S7 cm.) circdar Cells, 5 inches (12.7 em.) deep; and one-half of head resistance for one
twypeof +-inch (0.79 cm.) square cells, 4.S inches (12.2 CW) deep.

5. Supplying heat to the radiator increased the pressure gradient in the tubes of one t~p~,
of 1~-inch (0.64 cm. ) circukr cells, 4 inches (10.2 cm.) deep, by about 15 per cent for a mean.
temperature difference of 110° F. (61” C.) between the water and the entering air.

LNTRODUCHON.

It has been noted in the course of investigations cf aircraft radiators that t-he drop in static
pressure in the air stream between the front and rear faces of the radiator seems not to be equal
to the head resistance per unit area of the section, as measured on an aerodynamic balance. In
some of the earlier investigations, both in this country and abroad, an attempt was made to
measure this pressure drop, and the results obtained were assumed to be equa.I to the head re-
sistance per unit area of the radiator for the same air flow. But as soon as aerodynamic bal-
ances became a~ailable for the work, and actual head resistance was measured, a considerable
difference was found between observed head resistance and head resistance computed from pres-
sure drop, and no satisfactory explanation of this difference was at. once apparent. Since the
air emerges from the radiator in a turbulent condition, its static pressure must be measured
under unfa_rorable conditions, and it was natural to cluestion the reliability of the measure-
ments taken. An attempt to measure dynamic pressure before and behind the radiator was
made, but with no better success.

The investigation described in this report TM accordingly undertaken, in order to make
independent, and if possible more reliable, measurements of static pressure at %-ariom points in
the air stream; and to throw light on the difference, if any exists, between pressure drop and
head resistance per unit area.
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EXPERIMENTAL METHOD.

1. Ordinary measurements of pressure drop.
The bulkhead tunnels used for calorimetric tests of the radiators were fitted with piezo-

meter rings before and behind the test sec t~on.1 In the tunnel inclosed in the steel ttlU1i tllcsc

rings were 1M inches (3.2 cm. ) from the fwes of the radiator and in the ‘ ‘steam tunnel” there
were two pairs of rings, 1M and 6 inches (3.2 and 15.2 cm), respecti~-ely, from the faces of the
sektion. Readings from the 1~ inch ancl the 6 inch rings were practically identical for & numb-
er of sections.

2. Special measurements of pressure drop,
The special measurements of pressure drop indicated in the att achcxl curY es were made in

two wind tunnels: The ‘ ‘steam tunnel” or closed tunnel, in which the radiator core completely
fills the channel; and the open tunnel, which is 54 inches in diameter, and represents Conditions
in free air. The measurements were obtained with the use of a small steel tube, 0.04 inch (1 mm. )
in outside diameter and 20 inches (51 cm.) long, with one end closed, and a static. prcwure open-
illy near the center. This tube will be referrecl to below as “the pressure tu?}e.” It was ]}awed

through an air cell near the center of the radiator and mo~-ed forward or bacli}~-d to obtain
the pressure at different points. One si?le of an inclined water gauge was connected to the rear
end of the pressure tube and the other side to the static pressure tube of the Pitot used to meas-
ure the velocit.v of the air stream in the channel

The pressure tube was supported by two pieces of piano wire which were attached to the
ends, passed o~er crossbars set in the closed tunnel, and rings held by wires in the open t.unncl-
at some distance before and behind the radiator—ancl passecl through holes in the tunnel flocjr,
to facilitate movement forwtird and backward. One of the supporting wires was woun(l around
a spool held by a ratchet, and both were kept taut by a weight of about. 4 pounds (1.8 kg.) hung
on the other wire. The various positions of the pressure tube were indicated by marking a
point on one of the supporting wires and measuring its clistance from some convenient pc~int,
such as the floor of the tunnel. In the open tunnel the positions were checked by frequent

measurements (inside the tuunel) of the distance of the pressure opening from one face of the
radiator; but in the closed tunnel such measurements could not be made, and onIy relative
positions were obtained, the actual position of the radiator on the plot being estimated from
the form of the curve after the latter had been drawn. Preliminary trial shokved that consistent

results could be obtaked with only ordinary care ti centering the pressure tube inside of the
radiator air cell. In the clifferent sections used the pressure tube occupied bet!veen 1 and 3
per cent of the area of the cell through which it passed.

In most cases water was not passed through the radiator sections, and they were at the
same temperature as the air; but in one case—type C-9, %-inch (0.64 cm. ) circular cells 4 inches
(I O.Z cm.) deep—after the section had been used at room temperature hot water was pumped
through it as in reglllar calorimetric tests, and a mean temperatllre difference of about I IO“ F.
(61 0 C.) was maintained between the water and the-entering air.

3. Computation.
In the closed tunnel the airflow was expressed in pounds per seconcl per square foot of

tunnel section (or of radiator core), and, pressure chfferenee was expressgd in pounds per
square foot. Previous work in a wind tunnel uncler partial Iracuum has shown that pressure
drop between pie.zometer rings before and behind tl~e radiitor is inversely proportional to the
air density at the front ringl for a given mass flow of air; ancl proportional (very nearly) to the

square of the mass flow of air, for a given density. These two relations were used to reduce the

observations to a common density, and to correct for small variations in air flow. Observations
were taken at from three to six air velocities on each section.

In the open tunnel pressure drop WC= expressed in pounds per square foot, as before, but
the air flow was expressed in miles per hour of t~le stream though the tunnel, and the corre-
sponding mass flow of air through the radiator was computed from t,he reMion between these
—..——— .—— — ——— — —

1The two tunnels are described in detail in TechnicaI Report No. 60.
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tWOquantifies previoudy found in the reguIar tests of the radiator.z Correction for air density
was made as exp~ained in Technical Reports Nos. 60 and 63, for measurements in the open
tunnel, and corrections for small ~ariations in velocity was made on the assumption that pres-
sure drop, like head resistance, is proportional to the square of the air velocity. Obser~a-
tions were taken at only one ~elocity tin each section, except that in the case of the Spery type
10 velocities were used with each of two positions of the pressure tube, and the resdts showed
the assumed relation between pressure drop and velocity to be a.ppro.ximately true.

It was found, however, fihat the pressure gradient along the tube of the racliator seemed
not to be the same in the open and closed tunnels for the same mass flow of zir and the same
density, and this difference was interpreted as indicating an error in the measurement of either
the pressure gradient or the air flow-. The measurement of the air flow vi-as kno-w-n to be sub-
ject to errors as high as 3 to 5 per cenk in different radiators, and it appeared reasonable to
regard the pressure gradient -within the tub e as a good incLicakion of the air flo~. Accordingly-,
for comparison of data obtained in the two tunnels, the results were reduced not to the same
air HOWas indicated by the usual measurements, but to the same pressure gradient in the tubes
(this gradient being proportional to the square of the air flow), and this condition was taken to
represent equal.i@ of air How in the two tunnels. The differences between the air flow-s preti-
ousl-y computed and those given by this procedure were from 5 to 8 per cent.

DESCRIPTION OF CURVE.%

In the accompanying cur-i-es pressure drop in pounds per square foot is plotted against
distance along the axis of the air tube of the radiator, the distiance being measured in inches
formml and bach~ard from the rear face of the section. The location of the two faces are
indicated by hea~ dotked lines; and for each of the three sections tested in both the open and
c~osed tunnels, head resistance corresponding to the indicated air Ho-wis shown by a solid vertical
line marked “R.”

P1ots 1–5 show results of tests in the closed tunnel, and in plots 6-S results of tests in the
open tunnel are shown, with the closed tunnel cum-es of equal pressure gradients superposed
upon those of the open tunnel.

Plot 2 shows the effect of imparting heat to the air as it goes through the radiator. In this
case the mean temperature dif?ierence between the mater in the radiator and the entering air
was about 110° F. (61° C.).

Plot 3 gi-res a comparison of pressure drop in two radiators whose tubes are of ~ery nearly
the same dimensions, but with difierent conditions of surface. In one (C!--1O) the coo~~ sur-
faces (walk of the air tubes) -were -wry rough, and in the other (C–9) the-y -ivere somewhat
smoothed, though not highly polished.

It will be noted that plots 5 and 8, represent~~ the Spery type (illustrated in the photo-
graphs, !@.. 9 and 10), are plotted on kvice the scale used for the other sections, in order to show
clearly the loops in the curves as they follow the four constrictions in the air tubes.

DISCUSSION OF RESULTS.

I: The pressure measurements were of course made under unfavorable conditions, and the
results obtained should be used with a ~t tle caution, but the consistency of the observations
seems to indicate a fair degree of reliability, and a comparison of pressure gradients in the three
radiators with circular cells shows a reasonable a=meement with values of skin friction found
for long tub es by Stanton & Pannell, Saph & %hoder, and others, the -ralues here obtained
being slightly higher than those of the other obsemers, for smooth tubes.

2. The drop in pressure in the air stream through the radiator and the pressure gradient
.. .

in the tubes are practically proportional to the square of the air fIow, for a given air density.
This fact and the approximate agreement of observed skin friction with that found by other .
instigators appear to indicate that there is LurbuIenti flow in the short fiubes of the radiatom

~The regular measurement of mass tKo’wof air was made with a special air l“enturi meter, described in Technical RepM No. W.
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3. The restdts seem to indicate that the differences formerly observed between pressure
drop and head resistance per unit area were apparent rather than real, for the present measure-
ments fail to show convincing, evidence to prove that pressure drop is unequal to head resist-
ance per unit areaj provided the former is measured at such sections across the air stream as
will eliminate the eflec.ts of changing velocity at entrance and exit of the radiator. On the
other hand, the curves show clearly that if pressure drop is measured between two piezorneter
rings I M inches (3.2 cm.) from the faces of the radiator (as in the tunnels described), the result
will be a value somewhat higher than the head resistance per unit area, and the discrepancy
will be greater for some types of core than for others; for in some radiatom the high-velocity
jets issuing from the tubes persist for a greater distance than in others, before uniform distribu-
tion of flow across the channel is regained. In the earlier work, the air flow through the radi-
ator was used as a basis for comparison between pressure drop and heacl resistance, and errors
in the measurement of air flow through the core in the open tunnel are responsible for some of
the discrepancies noted; because the measurement of air flow is attended with some difficulty,
and is subj e.ct to errors that appear to run as high as S per cent, and which lead to errors in
head resistance about twice as great, since head resistance is proportional to the square of the
air flow.

4. A comparison of the curves for the types C-8 and No. 100 indicated a marked difference
between radiators in the amount of contraction of the jet at entrance and exit. The type C-8
is made of circular cells expanded to hexagonal form at the ends, and the transition from one
form to the other furnishes a very crude streamline form, but one that is much better than that
of the type hTo. 100, which is made with square cells, the ends of the water tubes being merely
pressed together to form a joint, with no approach to a streamline form. The clifference in the
form of the curves for these two types is doubtless due in part to this difference in form of en-
trance, and also in part to the fact that one has circular and the other square cells. If, in the
curves for No. 100, the loops at entrance and exit are interpreted as representing the contrac-
tion of the jet, and if it is assumed that the air stream MS the tube in the part for which the
pressure curve is straight, Table II shows that the tube is filled for onIy about 82 per ce~t of
its length. Whether this condition indicates that 82 per cent of the walk+of the tubes is scoured
by the air stream, and the remaining 18 per cent covered by air that is turbulent but no~ rapidly
changed, is a question that must be postponed untfl more is known about the conditions of
turbulent flow in the radiator tubes.

5. If it is assumed that the 10SSof head in the part of the tube for which the pressure curve
is straight is due to skin friction, Table I shows that the frictional 10SSis two-thirds of the head
resistance for C-8-H-inch (0.87 cm.) circular cells, 5 inches (12.7 cm.) deep—and one-half of
the head resistance for No. 100—+inch (0.79 cm.) square celk., 4.8 inches (12.2 cm.) dec.p.

6. The effect of supplying heat to the radiator is to increase the pressure gradient and
the pressure drop between the front and rear faces, the gradient being increased by about 15
per cent in the case of the type C-9-M-inch (0.64 cm.) circular cells, 4 inches (10.2 cm,) deep—
for a mean temperature difference of 11O“ F. (61° C.) between the water in the radiator and
the entering air.

The statement has been made by other investigato~~ that increase in head resistance due
to temperature difference can be computed from the increase in momentum of the air as it is
heated and consequently made less dense; an d it may be weI.I to point out that while such
reasoning may apply to pressure drop for a given air flOW through the radiator, there is some
question about its applicability to head resistance at a given airplane speed.’ The expansion
of the air while it is being heated in the radiator tube tends to do two things: To push the air
out from the rear face at a higher Velocity than it had at entrance; and to develop a back pres-
sure, acting against the pressure that drives it through the tube. This back pressure tends to
retard and reduce the air flow, and by so doing, to decrease the skin friction and consequently

* In considering this problem, it must be borne in mind that there are two s~e~ concerned—the rate of flOWof air through the radktor, which
may be expressed in pounds per second W squf+refoot Qffrontal are% and the linear velocity with which the radiator may be regarded as passing
through still air. The comparisons made throughout this re~rt are based on equal rates of flow through the radiator.
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the head resistance.
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On the other hand, a decrease in air flow- through the radiator reauires
that a greater part of the approaching air shall be deflected around it, ~nd this condition ~erids
to increase the head resista&. Until experimental etidence is avaiIable, the question
effect of temperature difference on head” r&stance will be Ieft opem

‘I!ABLE I. —Mr.wj’?o x oj air is in lb. pw sec. per q. ft. frmfal area.

I ; Length

I
j Ma= Gradi- over

Radiator. ent, which Frfftion
: flow of lbJft.~ Le@ient

perin. ~ 15uui- lb./f;>
, form, iu.

.— l—
i Go . . . . . . . . . . . . . . . . . .._.-. 4.64, -- 1.02

I H

4.4
5.70 1.3T ‘ 6.75
6.50 2.16 4.3 9.3
7.03 ! 2.46 10.6
7.80, 3.07, 13.o

Mem..................l.....................r..........l.........
!. No.lixl . . . . . . . . . . . . . ..-. -..

Bean .............-.....-..-----
&9(coId) . . . . . . . . . . . . . . . ..-.~ 4.60

[ ::~

7. @l
I 7. ‘K!

Clo . . . . . . . . . ..-- . . . . . . . . ...’ 5.70
6.50
7. m

I 7.80

4.60 ~ ::g
5.70
6.50 1.95
7.00 2.27

} {,
3“ ~

7.&ll 2.64,

------- ---, . . . . . . . . . . ---
1.19
1.79
2.40

~(

3.6 1
2.67
;? ,j

3:03
;$.}{13.5

3.7
--”--j+

5.7 11.3 ~ 54
7.0 1’4.7 ~~
8.2 17.0 ~ 48
g.~ 21.1 t 45

.-------[--------l-4.3 . . . . . . . . . . . .--.. -.--.:
6.45 . . . . . . . . ..~-. ..- . . ..-
8.65 ~.....
9.6 .-...::::: i:::::::::~

13.0 ..- . . ----------------
9.3 /. . . . . . . ..-’.. -...-.-.’

10.6 . . . . . . ..-.’ ----------
L2.5 . . . . . . . . . . .. . . . . . . . . .
14.0 . ..-..7 . . . . . . . . . . . . .

TABLE II.

1 r !
Depth ofrafitor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..tiches.. i 5.0 4.8
Leugth ofaktube . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..do . . ..j 4.6 4.4

, b@hover wMchgratientis utifom . . . . . . . . . . . . . . ..-- . . . . ..-do . . . . . 4.3 3i.lJ ~
Percent of tube length over whiehgradientiswriform-... . . . . -------- 94 -,

! ——

TABLE II 1.—Effect of heat, radiator C-r?.

!
I

1
Gradient.

—.-
.

./—

.. —-

.

.

! Air flow. : Percent ~
‘increase. ;

I ! Cold. Hot. I

4. No. . . . . . . . . . . . . . 1.19 1.35 j 13 ~
. .. . . . . . . . . . . . . . . . ..! 1.79 : 1.97 10
6.50 . . . . . . . . . . . . . . . . . 2.40 , 2.78 ; 16 j
7.CO..........-.....I 2.67, 3.18 19 \
7.SI....------------- 3.60 4.14 15

[
Mean ........------------.......... M ,

.


